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Nomenclature 

C Vp 

side force due to roll rate derivative, 



1/rad 

A j 

A), total 

individual jet exit area, ft^ 
total jet exit area, ft^ 

C y5md 

side force due to rudder deflection 
derivative, 1/rad 

b 

wing span, ft 

de 

total equivalent circular jet diameter, ft: 

c 

mean aerodynamic chord, ft 


= 2-^Aj, total ^ K 

Cd 

drag coefficient 

D 

drag, lh 

CGFS 

fuselage station center of gravity, in. 

FY 

side force, lb 

CGWL 

waterline center of gravity, in. 

GE 

ground effect 

Cl 

rolling moment (RM) coefficient 

h 

aircraft height from the bottom of the 

Clp 

rolling moment due to sideslip 


fuselage, ft 


derivative, 1/rad 

h/d e 

nondimensional aircraft height 

c 'p 

rolling moment due to roll rate 
derivative, 1/rad 

rolling moment due to yaw rate 

IGE 

Kge 

in-ground effect 

ground effect washout factor 

C 'r 


derivative, 1/rad 

L 

lift, lb 

C l8i«l 

rolling moment due to rudder deflection 

IF 

lift fan 

derivative, 1/rad 

LN 

lift nozzle 

Cl 

lift coefficient 

MRC 

moment reference center 


lift coefficient due to pitch rate 
derivative, 1/rad 

PM 

pitching moment, ft-lb 

C L„ 

lift coefficient due to angle-of-attack 

q 

pitch rate, rad/sec 


rate derivative, 1/rad 

q 

dynamic pressure, lh/ft^ 

Cm 

pitching moment (PM) coefficient 

RM 

rolling moment, ft-lb 

Cniq 

pitching moment due to pitch rate 
derivative, 1/rad 

RN 

rear nozzle, same as lift nozzle 
wing area, ft^ 


S 

Cm d 

pitching moment due to angle-of-attack 
rate derivative, 1/rad 

yawing moment (YM) coefficient 

T 

Tlf 

total thrust, lb: T = Tlf + Tln 

thrust of the lift fan, lb 

C n 

yawing moment due to sideslip 

TlN 

thrust of the lift nozzles, lb 

Cng 


derivative, 1/rad 

V e 

equivalent jet velocity ratio: 

^ n P 

yawing moment due to roll rate 


V e ,j =^q 00 /qj =^2A J q 00 /Tj 


derivative, 1/rad 

XMRC 

X-axis moment arm for varying CGFS, 

Cn r 

yawing moment due to yaw rate 

in. 


derivative, 1/rad 

YM 

yawing moment, ft-lb 

^ n Si\id 

yawing moment due to rudder 
deflection derivative, 1/rad 

Zmrc 

Z-axis moment arm for varying 




CGWL, in. 

Cy 

side force (FY) coefficient 



y 

a 

angle of attack, deg 

C V ft 

side force due to sideslip derivative, 


yp 

1/rad 

P 

sideslip angle, rad 


iii 
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Sail 

aileron deflection angle, deg 

Scanard 

canard deflection angle, deg 

Sflap 

flap deflection angle, deg 

Srud 

rudder deflection angle, rad 

8bq 

equivalent jet angle, deg: 

8 EQ = M S LF ) + ( 1 - ^) § LN 

6lf 

lift-fan nozzle deflection angle, deg 

6ln 

lift nozzle deflection angle, deg 


ACd|g E unpowered in-ground effect drag 

increment 

ACljge unpowered in-ground effect lift 

increment 

A C miGE unpowered in-ground effect pitching 

moment increment 

AL/T nondimensionaiized jet-induced lift 

increment 

X thrust split: ^ = Tlf/T 
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Summary 

This report describes the aerodynamics model used in a 
simulation model of an advanced short takeoff and 
vertical landing lift-fan fighter aircraft. The simulation 
model was developed for use in piloted evaluations of 
transition and hover flight regimes, so that only low speed 
(M - 0.2) aerodynamics are included in the mathematical 
model. The aerodynamics model includes both the power- 
off aerodynamic forces and moments and the propulsion 
system induced aerodynamic effects. 

Introduction 

NASA Ames Research Center is participating in 
technology development for advanced short takeoff and 
vertical landing (ASTOVL) fighter aircraft as a member 
of the Joint Advanced Strike Technology (JAST) and 
formerly the Advanced Research Projects Agency 
(ARPA) ASTOVL program. Integration of flight and 
propulsion controls is one of the critical technologies 
being pursued in that program. NASA’s role in this 
technical area is to participate in developing design 
guidelines for integrated flight/propulsion controls, 
support technology development for ASTOVL demon- 
strator aircraft, and provide consultation on integrated 
control design to the program contractors. Specifically, 
NASA will carry out design guideline analyses for the 
control system and conduct piloted simulations on the 
Ames Research Center Vertical Motion Simulator (VMS) 
to evaluate design guidelines and to assess the merits of 
contending design approaches. 

The initial effort in this program was to develop a 
mathematical model for simulation of a representative 
ASTOVL aircraft concept. This simulation model was 
used in an experiment on the VMS to gain initial 
experience with control system behavior and flying 
qualities for this aircraft concept. A description of the 
representative ASTOVL aircraft’s integrated flight/ 
propulsion control system, head-up display and the 
propulsion system performance and dynamic response is 
provided in reference 1 . This report describes the repre- 
sentative aircraft’s subsonic, power-off aerodynamics and 
jet-induced aerodynamics in hover and forward flight, 
including ground effects. 


Description of the ASTOVL Lift-Fan 
Aircraft 

The representative ASTOVL lift-fan aircraft is a single- 
place, single-engine fighter/attack aircraft, featuring a 
wing-canard arrangement with twin vertical tails, as 
shown in figure 1. Geometric characteristics of the 
configuration are summarized in table 1; mass properties 
are specified in table 2. 

The propulsion system concept is presented in figure 2. 

It consists of a remote lift fan coupled to a lift cruise 
turbofan engine to permit continuous transfer of energy 
from the lift cruise engine to the lift fan. The lift cruise 
engine exhaust is either ducted aft to a thrust deflecting 
cruise nozzle in conventional flight, or diverted to two 
deflecting lift nozzles in vertical flight. Throughout 
transition flow can be continuously transferred between 
the cruise and lift nozzles. Lift-fan and lift-nozzle thrust 
can be deflected from 45 to 100 deg below the aircraft 
waterline. The cruise nozzle can be deflected ±20 deg 
vertically. 

The basic flight control system consists of the canard, 
ailerons, and twin rudders for aerodynamic effectors 
during forward flight. For powered-lift operation, control 
is provided by differential thrust transfer between the lift 
fan and lift nozzles, deflection of lift-fan and lift-nozzle 
thrust, and deflection of cruise-nozzle thrust. Pitch control 
is achieved by a combination of canard deflection, thrust 
transfer between the lift fan and lift nozzles, and deflec- 
tion of the cruise nozzle. Roll control is produced by the 
ailerons and differential thrust transfer between the lift 
nozzles. Yaw control is derived from the combination of 
rudder deflection, differential lift-nozzle deflection, and 
lateral lift-fan thrust deflection. As an option, reaction 
control, powered by the engine compressor bleed air, can 
provide additional control moments through nozzles 
located in the wing extremities and in the tail. Longi- 
tudinal acceleration is achieved through thrust transfer 
between the lift fan, lift nozzles, and cruise nozzles and 
by deflection of the lift-fan and lift-nozzle thrust. 



Aerodynamics Model 

The aerodynamics model includes both the power-off 
aerodynamic forces and moments and the propulsion 
system induced aerodynamic effects. The simulation 
experiment focused on transition and hover flight 
regimes, so that only low-speed (M - 0.2) aerodynamics 
are included in the mathematical model. 

The power-off aerodynamics data were generated using 
the U.S. Air Force Stability and Control Digital 
DATCOM program (ref. 2) and a NASA Ames in-house 
graphics program called VORVIEW (no reference 
available) which allows the user to easily analyze 
arbitrary conceptual aircraft configurations using the 
VORLAX program (which is based on the vortex lattice 
method of ref. 3). All the power-off coefficients and 
derivatives were calculated in the stability axes. The jet - 
induced data were generated using the prediction methods 
of references 4-8. For the data shown in this report, the 
moment reference for Digital DATCOM was 30.889 ft 
aft of the nose, the moment reference for VORVIEW/ 
VORLAX was 31 .204 ft aft of the nose (-10 percent of 
the mean aerodynamic chord), and the moment reference 
for the jet-induced effects was 31.11 ft aft of the nose. In 
the final simulation model, these data were all transferred 
to a moment reference center of 3 1 . 1 1 ft. 

Due to certain Digital DATCOM limitations, some 
derivatives required special treatment because of the 
canard configuration. For the a derivatives, Cl^ and 
C md , DATCOM methods do not exist for a ratio of 
forward- surface span to aft-surface span less than 1.5. To 
satisfy this requirement, the aft surface was truncated to a 
span just less than two-thirds that of the canard. This was 
considered a better choice than assuming the derivatives 
were zero. 

Also, the digital DATCOM program had no provision for 
directly calculating the effects of deflected rudders. The 
rudder effectiveness derivatives, Cy §iul , C | §|uj , and 
C nSwd , were calculated by replacing the wing and canard 
with an aft horizontal surface with exposed geometry 
identical to that of the vertical tails and attached to a 
radically slimmed body. At zero angle of attack, the 
trailing-edge surfaces were deflected differentially, as 
ailerons would be, and the change in rolling moment 
coefficient was calculated. The same surfaces were 
deflected symmetrically to generate changes in the lift 
coefficient and the pitching moment coefficient, which 
were converted to side force and yawing moment 
coefficients, respectively. All coefficients were calculated 
using the normal wing (aft lifting surface) reference 
geometry. 


The unpowered in-ground effects, ACj^g, ACp^, and 
AC miGE ’ were c<dctilated by Digital DATCOM as 
functions of angle of attack for a height of 6 ft at the wing 
25 percent mean aerodynamic chord. For this purpose, the 
configuration consisted of only the wing and regular 
(unslimmed) body. 

The longitudinal aerodynamics terms are discussed next 
and are followed by the lateral directional terms. 

Longitudinal Aerodynamics 

Lift- The lift equation for the lift-fan model is shown in 
equation 1 . The first term in this equation represents the 
power-off lift, and the second term represents the lift 
increment due to jet-induced effects. 

L = C L qS + ppT (1) 

The equation for Cl is shown in equation 2. Lift curves 
for C l(o, 5flap) and Cl(oc, 6canard) are shown in 
figures 3 and 4, respectively. The curves shown in 
figures 3 and 4 were generated using the vortex-lattice 
program previously mentioned. Digital DATCOM was 
used to predict the pitch rate derivative, Cr= 0.746/rad, 
and the Cl^ (ot> curve, shown in figure 5. Digital 
DATCOM was also used to predict the lift coefficient 
increment due to the influence of the ground plane, 
ACl|ge(° 0» shown in figure 6, as well as the ground 
effect washout factor, Kge> shown in figure 7. 

C L = c L(a.8flap) + AC LScanard +C Lq -^j- 

( 2 ) 

die 

+ CL « ( ° t) 2ui' + K GE AC L ige («) 

where 

AC L&anard = C L (a,Scanard) 

(2a) 

- Cl (ot, 5canard = 0°) 

The expression for the jet-induced lift increment, AL/T, 
is presented in equation 3. Note that the lift fan and lift 
nozzle terms use their respective nozzle angles, 5, and 
velocity ratios, V e . However, the fountain term uses the 
aircraft’s equivalent nozzle angle and velocity ratio. 
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Figures 8-1 1 show the jet-induced lift increment due to 
the lift fan for nozzle angles of 90, 75, 60, and 45 deg, 
respectively. Figures 12-15 show the jet-induced lift 
increment due to the lift nozzles for angles of 90, 75, 60, 
and 45 deg, respectively. Figures 16-19 show the jet- 
induced lift increment due to the fountain for equivalent 
(lift fan and lift nozzle, Seq) angles of 90, 75, 60, and 
45 deg, respectively. 

Drag- The drag equation for the lift-fan model is shown 
in equation 4. This equation accounts only for the power- 
off drag. 

D = C D q S (4) 


The equation for C m is shown in equation 7. Pitching 
moment curves for C m (oc, Sflap) and C m (a, Scanard) are 
shown in figures 23 and 24, respectively. The curves of 
figure 23 were generated using the vortex-lattice program. 
The curves shown in figure 24 were generated using 
Digital DATCOM. DATCOM was also used to predict 
the pitch rate derivative, = -1 .589/rad, the curve for 
Cm a (a), shown in figure 25, and the pitching moment 
coefficient increment due to the influence of the ground 
plane, AC miGE (a), shown in figure 26. 

c m = c m( a ’ 8 fl a P) + AC m5canard 21Jg" 

(7) 

etc 

+ (a) — - - + K GE AC m IGE (a) 

where 

ACm 8canard = C m fa, Scanard) 

(7a) 

-C m (a, Scanard = 0°) 

The expression for the jet-induced pitching moment 
increment, APM/Tde, is presented in equation 8. 


The equation for Co is shown in equation 5. Drag curves 
for C d ( ot, 8flap) and Cd((X, Scanard) are shown in 
figures 20 and 21, respectively. The curves shown in 
figures 20 and 21 were generated using the vortex-lattice 
program. Digital DATCOM was used to predict the drag 
coefficient increment due to the influence of the ground 
plane, ACE> 1GE (ot), shown in figure 22. 


C D = C D (a,8flap) + AC D5canard 
+ ^GE^-'D| GE (a) 


(5) 


where 

AC D5canard = C D (a. Scanard) 

-Cq (a, Scanard = 0°) 


(5a) 


Pitching moment- The pitching moment equation for the 
lift-fan model is shown in equation 6. The first term in the 
equation represents the power-off pitching moment, the 
second term represents the jet-induced pitching moment 
increment, and the remaining terms account for center-of- 
gravity (c.g.) travel. 
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Figures 27-30 show the jet-induced pitching moment 
increment due to the lift fan for nozzle angles of 90, 75, 
60, and 45 deg, respectively. Figures 31-34 show the 
jet-induced pitching moment increment due to the lift 
nozzles for angles of 90, 75, 60, and 45 deg, respectively. 
Figures 35-38 show the jet-induced pitching moment 
increment due to the fountain for equivalent (lift fan 
and lift nozzle, Seq) angles of 90, 75, 60, and 45 deg, 
respectively. 


Lateral Directional Aerodynamics 

The Digital DATCOM program was used to predict most 
of the lateral directional stability derivatives. The static 
derivatives, Cyp, C]p, C n p, were obtained for the complete 
aircraft configuration by adding the individual airframe 
components: body, wing, canard, and vertical tails, a 
procedure which assumed the absence of interference. 
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Side force- The side force equation is shown in 
equation 9, and the expansion of the power-off side force 
coefficient is presented in equation 10. 
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FY = C y q S 

C y = C yp (a» + C yp (a)J^ 

+ C y Srud + C y (a, Sai 1 ) 

Digital DATCOM was used to predict the side force 
coefficients for Cy«(a) and c y P ( a); these curves are 
shown in figures 39 and 40, respectively. Digital 
DATCOM was used to predict the rudder derivative: 

Cy §mj = 0.2063/rad. The side force coefficient due to 
aileron deflection, C y (a, Sail), is shown in figure 41 
and was generated using the vortex -lattice program. 

Rolling moment- The rolling moment equation is shown 
in equation 1 1 . The first term accounts for the power-off 
rolling moment, the second term represents the jet- 
induced rolling moment increment, and the third term 
accounts forc.g. travel. 

RM = C,qSb +^Td e+ FYZ MRC (11) 
Td e 

The equation for Cj is presented in equation 12. Digital 
DATCOM was used to predict the rolling moment 
coefficients for C\^(a) y C\ (a),C| r (cc), and Cj^ (a); 
these curves are shown in figures 42-45, respectively. 

The rolling moment coefficient due to aileron deflection, 
Cj (a. Sail), is shown in figure 46 and was generated 
using the vortex -lattice program. 

C| =C lft (a)J} + Ci (a)-^- + C l (a)— 
i ipv >>> i p v ; 2Ufi i r v ; 2Ub 

+ C !$rud («)8rud + C|(a,5ail) 

The jet-induced rolling moment increment, ARM/Td e , 
was predicted using the methods of reference 5, and is 
presented in equation 1 3. The prediction for rolling 
moment assumes that the effects of p are linear and 
should therefore be limited to p < 10 deg. Predictions for 
jet-induced rolling moment per degrees of sideslip in- 
ground effect could not be predicted; however, out-of- 
ground effect numbers were better defined. Therefore, 
only out-of-ground effect rolling moments due to sideslip 
were calculated and were assumed height independent. 
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Figures 47-50 show the jet-induced rolling moment 
increment due to the lift fan for nozzle angles of 90, 75, 
60, and 45 deg, respectively. Figures 51-54 show the jet- 
induced rolling moment increment due to the lift nozzles 
for angles of 90, 75, 60, and 45 deg, respectively. Since 
only out-of-ground effects were accounted for, and since 
the fountain is only felt in-ground effect, the fountain 
contribution was zero. 


Yawing moment- The yawing moment equation is 
shown in equation 14. The first term accounts for the 
power-off yawing moment and the second term accounts 
for c.g. travel. The jet-induced yawing moment increment 
could not be predicted very well, but it was assumed to be 
small, and therefore neglected. 

YM = C n qSb +FYX MRC (14) 

The equation for C n is presented in equation 15. Digital 
DATCOM was used to predict the yawing moment 
coefficients for C n(J ( a), C n p ( a), C n r ( a), and C n ^ (a); 
these curves are shown in Figures 55-58, respectively. 

The yawing moment coefficient due to aileron deflection, 
C n (ot, Sail), is shown in figure 59 and was generated 
using the vortex-lattice program. 

Cn = C nft (a)P + C nn (a)-^- + C n (a)— 

P rr n p v / 2Ub n r \ 

+ Cn 5rud (“) 5rud + C n (a,6ail) 


Conclusions 

This report describes the aerodynamics model used in a 
simulation model of an advanced short takeoff and 
vertical landing lift-fan fighter aircraft. The simulation 
model was developed for use in piloted evaluations of 
transition and hover flight regimes, so that only low speed 
(M - 0.2) aerodynamics are included in the mathematical 
model. The aerodynamics model includes the power-off 
aerodynamic forces and moments and the propulsion 
system induced aerodynamic effects, including ground 
effects. 
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The power-off aerodynamics data were generated 
using the U.S. Air Force Stability and Control Digital 
DATCOM program and a NASA Ames in-house graphics 
program called VORVIEW which allows the user to 
easily analyze arbitrary conceptual aircraft configurations 
using the VORLAX program. The jet-induced data were 
generated using the prediction methods of R. E. Kuhn 
et ah, as referenced in this report. 
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Table 1 . Aircraft geometry 



Overall length 

55.4 ft 


Overall height 

14.16 ft 

Wing 

Area 

523.3 ft 2 


Span 

36.17 ft 


Mean aerodynamic chord 

18.42 ft 


Aspect ratio 

2.50 


Leading-edge sweep 

40.0 deg 


Trailing-edge sweep 

30.0 deg 


Airfoil 

NACA 64A005 

Canard 

Area 

243.1 ft 2 


Span 

24.65 ft 


Mean aerodynamic chord 

12.55 ft 


Aspect ratio 

2.50 


Lxading-edge sweep 

40.0 deg 


Trailing-edge sweep 

30.0 deg 


Airfoil 

NACA 64 A 004. 5 

Vertical tail (each) 

Area 

39.0 ft 2 


Span 

6.98 ft 


Mean aerodynamic chord 

7.1 1 ft 


Aspect ratio 

1.25 


Leading-edge sweep 

40.0 deg 


Trailing-edge sweep 

30.0 deg 


Airfoil 

NACA 64 A 004. 5 


Table 2. Mass properties 


Weight 

30,000 lb 

x e g. location 

373.3 in. 

Y c.g. location 

0.0 in. 

z c.g. location 

96.0 in. 

Pitch moment of inertia 

91,200 slug-ft 2 

Roll moment of inertia 

14,300 slug-ft 2 

Yaw moment of inertia 

101,000 slug-ft 2 

Product of inertia 

0 slug-ft 2 



Figure 1. ASTOVL lift-fan aircraft 
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Figure 2. Propulsion system configuration 
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Lift coefficient 



-10 -5 0 5 10 15 20 25 30 

Alpha, deg 

Figure 3. Lift coefficient for various flap deflections, M = 0.2 
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Figure 4. Lift coefficient for various canard deflections, M = 02 

















Nozzle Angle, 



forward velocities, lift-fan nozzle = 









Nozzle Angle, 8, = 45 



forward velocities, lift-fan nozzle = 






Nozzle Angle, 






forward velocities, lift nozzles = 








vrward velocities , lift nozzi 






Nozzle Angle 



igure 15. Jet-induced lift increment due to the lift nozzles for various 
forward velocities, lift nozzles = 45° 



Nozzle Angle, 



igure 16. Jet-induced lift increment due to the fountain for various forward velocities, 
equivalent lift-fan and lift nozzles = 90° 












Nozzle Angle, 8, = 60° 



igure 18. Jet-induced lift increment due to the fountain for vc 
equivalent lift-fan and lift nozzles = 60 





Nozzle Angle, 8, = 45° 



equivalent lift-fan and lift nozzles = 45 







Alpha, deg 


Figure 20. Drag coefficient for various flap deflections (includes CDmin), M = 02 
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Figure 21. Drag coefficient for various canard deflections, M = 0.2 
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Figure 23. Pitching moment coefficient for various flap deflections, M = 0.2 






Pitching moment coefficient 
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Alpha, deg 

Figure 25. Pitching moment coefficient due to angle-of -attack rate 
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Figure 26. Pitching moment coefficient increment due to ground plane influence 
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Nozzle Angle, 



’CLL/INdV 


igure 32. Jet-induced pitching moment increment due to the lift nozzles for various 
forward velocities, lift nozzles =75° 






Nozzle Angle, 



'QlMdV 


forward velocities, lift nozzles = 60 














Nozzle Angle, 



'CL1 MdV 


equivalent lift-fan and lift nozzles = 90 
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Figure 46. Rolling moment coefficient for various aileron deflections, M = 0.2 
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forward velocities, lift-fan nozzle = 90 




Nozzle Angle, 



forward velocities, lift-fan nozzle = 75 












forward velocities, lift-fan nozzle = 60 










Nozzle Angle, 



forward velocities, lift-fan nozzle = 45 
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Figure 51. Jet-induced rolling moment increment due to the lift nozzles for various 

forward velocities, lift nozzles = 90° 




Nozzle Angle, 



forward velocities, lift nozzles = 75 
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Nozzle Angle, 



forward velocities, lift nozzles - 45 

















Alpha, deg 


Figure 59. Yawing moment coefficient for \ 


aileron deflections, M = 0.2 
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